Purpose. Female runners typically suffer more from chronic running injuries than age-matched males, although the exact biomechanical mechanisms behind the increased susceptibility of female runners are unknown. This study aimed to compare sex differences in tibiocalcaneal kinematics during the stance phase of running. Methods. Twenty male and twenty female participants ran at 4.0 m · s -1
Introduction
running is a popular sporting discipline for both males and females [1] . A rapid growth in distance running participation has been witnessed amongst the female population [2] . Although running is clearly beneficial to physiological health, the risk of chronic injury is also well documented [1] . Female runners typically suffer more from chronic injuries than age-matched males [3, 4] .
It has been postulated that differences in lower extremity running biomechanics may be the mechanism by which females sustain different injury patterns in comparison with males [4] . Epidemiological analyses show that females are twice as likely to sustain an injury related to running [3] , yet the specific aetiology of these injuries is still not fully understood [1] . Differences in both the kinetics and kinematics during running have been postulated as contributing factors to the increased susceptibility of females to injuries as a result of running [4, 5] . Sinclair et al. [4] showed that females were associated with significantly greater knee abduction and knee internal rotation in comparison with males, which they hypothesized were implicated in the aetiology of injury. Similarly, Ferber et al. [5] showed a significantly greater hip internal rotation and abduction and knee abduction in female runners. With regards to the kinetic differences between sexes, both Hennig [6] and Stefanyshyn et al. [7] showed that vertical rates of loading were significantly greater in female runners. Nonetheless although sex differences in running biomechanics have been examined, there is still a need for further examination into the biomechanical parameters that might provide insight into the aetiology of injury in females.
During running, excessive coronal plane eversion of the ankle and internal rotation of the tibial segment during the stance phase of running have been implicated in the aetiology of running injuries [8] [9] [10] . The movement of the foot and shank are related, causing the tibial segment to rotate internally between touchdown and mid-stance [11, 12] . The transfer from ankle eversion to tibial internal rotation has been shown to differ widely among individuals [11, 12] . Yet, to date, it has not been established as to whether sex differences in tibiocalcaneal kinematics exist and how they might influence this coupling pattern. This study therefore aims to determine whether differences in tibiocalcaneal kinematics may exist between male and female recreational runners. A study of this nature may provide further insight into the increased incidence of injuries in female runners.
Material and methods

Participants
Twenty males (age 25.14 ± 4.73 years, height 1.78 ± 0.08 m and body mass 77.19 ± 8.28kg) and twenty females (age 24.84 ± 5.08 years, height 1.67 ± 0.09 m and body mass 66.94 ± 7.29 kg) volunteered to take part in the current investigation. Participants were recreational runners who trained at least three times per week. All were free from musculoskeletal pathology. All runners were classified as rearfoot strikers as they exhibited a clear first peak in their vertical ground reaction force time-curve [13] . All participants provided written informed consent and ethical approval was obtained from the University of Central Lancashire School of Psychology in accordance with the principles documented in the Declaration of Helsinki.
Procedure
Participants ran at 4.0 m · s -1 ± 5% across a biomechanics laboratory, completing five successful trials. running velocity was quantified using Newtest 300 timing gates (Newtest, Finland). Along the running path participants struck a piezoelectric force plate (Kistler Instruments, UK) [14] operating at 1000 Hz with their dominant foot. The stance phase was determined as the period over which > 20 N of vertical force was applied to the force plate [15] .
Kinematic information was captured at 250 Hz using an eight-camera motion analysis system (Qualisys Medical, Sweden). Calibration of the motion capture system was performed before each data collection session. The calibrated anatomical systems technique (CAST) was utilised to quantify tibiocalcaneal kinematics [16] . The ankle joint was delineated as a function of the end points of the distal aspect of the tibial and the proximal end of the foot. To define the anatomical frames of the right foot and shank, retro-reflective markers were positioned onto the calcaneus, 1 st and 5 th metatarsal heads, medial and lateral malleoli and medial and lateral epicondyle of the femur. A carbon-fibre tracking cluster comprising of four retro-reflective markers was positioned onto the shank segment and secured using rigid tape. The foot was tracked using the calcaneus and 1 st and 5 th metatarsal markers. Static calibration trials (not normalized to standing posture) were obtained with the participant in the anatomical position in order for the positions of the anatomical markers to be referenced in relation to the tracking cluster/markers. The reliability of this measurement technique has been shown to be very high [17] .
Data processing retro-reflective markers were digitized using Qualisys Track Manager (Medical Ab, Sweden) in order to appropriate markers and exported as C3D files. Three-dimensional kinematics were quantified using Visual 3-D (C-Motion, USA) after marker displacement data were smoothed using a low-pass butterworth 4 th order zero-lag filter at a cut off frequency of 12 Hz [18] . Three-dimensional kinematics were calculated using an XYZ sequence of rotations (where X represents sagittal plane, Y represents coronal plane and Z represents transverse plane rotations) [19] . All kinematic waveforms were normalized to 100% of the stance phase; the processed trials were then averaged. To quantify ankle kinematics, the foot segment co-ordinate system was referenced in relation to the tibial segment, whilst tibial internal rotation was calculated as a function of the tibial co-ordinate system in relation to the foot in accordance with previous work [9] . Discrete 3-D kinematic measures from the ankle and tibia which were extracted for statistical analysis were 1) angle at footstrike, 2) angle at toe-off, 3) range of motion from footstrike to toe-off during stance, 4) peak eversion/tibial internal rotation, 5) relative range of motion (representing the angular displacement from footstrike to peak angle) and 6) eversion/tibial internal (EV/TIr) ratio. These variables have been defined as being clinically meaningful parameters by previous investigations which have examined tibiocalcaneal kinematics [8] .
Footwear
Participants wore the same footwear throughout the study, Asics GT 2160 in men's sizes 5-10 UK (Asics, Japan).
Statistical analyses
To compare sex differences in tibiocalcaneal kinematic parameters, independent t tests were utilized with significance accepted at the p < 0.05 level. Effect sizes were calculated using Cohen's d statistic. The Shapiro-Wilk statistic for each condition confirmed that the data were normally distributed. Intra-class correlations (ICC) were employed to determine the sex differences in transfer function between eversion and tibial internal rotation waveforms from the stance phase in accordance with Sinclair et al. [8] . All statistical procedures were conducted using SPSS 21.0 (IbM, USA). 
Results
The results indicate that whilst the stance phase kinematic curves from males and females were quantitatively similar, significant differences were observed between sexes. Figure 2 and Table 1 present the mean tibiocalcaneal kinematic parameters and stance phase joint angle curves obtained as a function of sex.
In the coronal plane, females were associated with significantly (t (38) = 3.99, p < 0.05, D = 0.92) greater eversion at toe-off in comparison to males. Females also exhibited significantly (t (38) = 4.22, p < 0.05 d = 0.95) greater peak eversion in comparison with males. In the transverse plane, it was also shown that tibial internal rotation at toe-off was significantly (t (38) = 4.96, p < 0.05, d = 1.10) greater in females compared with males. It was also shown that peak tibial internal rotation was significantly (t (38) = 5.11, p < 0.05, d = 1.18) greater in females compared with males.
Discussion
This study aimed to determine whether differences in tibiocalcaneal kinematics may exist between males and females. This represents the first comparative investigation to investigate the differences in tibiocalcaneal kinematics between male and female runners.
The first key observation of the current study is that female runners were associated with significantly greater eversion and tibial internal rotation angles in comparison with males. This finding has potential clinical significance as excessive rearfoot eversion and associated tibial internal rotation parameters are implicated in the aetiology of a number of overuse injuries such as tibial stress syndrome, plantar fasciitis, patellofemoral syndrome and iliotibial band syndrome [20, 21] . This finding therefore suggests that females may be at greater risk from chronic injuries related to excessive eversion/ tibial internal rotation.
Furthermore, it was found that movement coupling between the calcaneus and tibia was strongly influenced by sex. Females exhibited a near complete transfer function from eversion to tibial internal rotation (ICC = 0.99) whereas in males this was far less pronounced (ICC = 0.63). Thus it appears that males and female runners exhibit distinct tibiocalcaneal coupling patterns. This mechanism is potentially due to sex variations in foot and lower extremity structure [22] and thus it is recommended that future investigations consider this feature.
The findings of the current investigation provide information that supports the increased susceptibility of females to injury. Therefore, given the significant increase in rearfoot eversion observed in female runners, it is recommended that females select running footwear with design characteristics aimed towards the reduction of calcaneal eversion. It is hypothesized that this will serve to reduce the incidence of pathology in female runners.
There are some limitations to the current investigation that should be acknowledged. Markers positioned on the shoe used to measure foot movement may serve as a limitation as the foot segment moves within the shoe itself and thus the accuracy of this technique is questionable. Previous analyses have examined the differences in foot kinematics when using markers positioned on the shoe and those placed onto the skin through holes cut into the shoe. It has been shown that markers positioned onto the shoe can lead to errors particularly in the coronal and transverse planes [19] . However, as cutting holes in the footwear reduces the structural integrity of the shoe upper and may influence runners' perception of the footwear [23] , it was determined that the present technique is acceptable. That the current investigation examined only single-segment foot mechanics may also serve as a limitation. While effective, it does not allow articulations of the more intricate foot segments to be quantified, which may also provide insight into the aetiology of injury [24] . As such, whilst this study provides insight into the differences between male and female runners using a single-segment foot model, future work should be conducted examining sex differences using a multiple-segment foot model.
Conclusions
The current investigation provides new information describing tibiocalcaneal kinematics in male and female runners. On the basis that increases in ankle eversion and tibial internal rotation were noted in female runners, the current investigation may provide insight into the aetiology of different injury patterns observed between sexes. This study supports the notion that females are more susceptible to overuse injuries than males.
